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THE MIGRATION OF LONG-LIVED 
RADIOACTIVE PROCESSING WASTES 

IN SELECTED ROCKS 

by 

Sherman Fried, Arnold M. Friedman, Donald Cohen, 
John J. Hines, and Richard G. Strickert 

ABSTRACT 

Laboratory scale models have been constructed of the Pu-Am disposal 
areas at Los Alamos Scientific Laboratory and the migration of radionuclides 
determined. These results were compared to the migration at the actual dis
posal area as measured by analyzing core samples. It was observed that the 
laboratory model accounted for the extent and characteristics of the Pu mi
gration quite well but did not describe as closely the features of the Am 
migration. This latter observation was probably due to the differences in 
the source terms. These results show that laboratory modelling is useful for 
site evaluation. 

Vertical distributions of Pu from the Chalk River Nuclear Laboratory 
(CRNL) disposal site have been determined on cores of the sandy clay supplied 
by CRNL. This constitutes the first step in a similar laboratory-field model 
comparison in a different type of stratum and hydrological condition. 

Iodine-129 and technetium-99, nuclides formed in the fission process, 
would exist as anions; I~, IO3, and TcO^ because of the oxidizing conditions 
in processing. It was found that the migration of these ions was very little 
retarded by rocks such as LASL tuff and Salem limestone. On the other hand, 
selected minerals containing copper and sulfur have been found to react 
strongly to remove these ions from solution and may be potential "getter" 
materials for the fixation of these ions. 

A study of neptunium chemistry has shown that Np(IV) and Np(V) are the 
most likely oxidation states of this element to exist in ground water. While 
Np(IV) is easily immobilized because of its extreme insolubility, Np(V) does 
not bind strongly to many strata. However, it has been shown in this report 
that minerals containing calcium carbonate or phosphate remove Np(V) from 
solution in ground waters. Groundwater containing Fe(II) can reduce Np(V) 
to Np(IV) thus converting it to a relatively immobile species. 

In the modeling experiments described with I", 107, and TcO^ ions as 
well as in our previous studies with Pu it has been frequently observed that 
the distribution of the radioactive materials does not correspond to the 
gaussian distribution predicted by an equilibrium chromatographic calcula
tion. This can have an important effect on nuclide migration and the reasons 
for this behavior should be examined. 



INTRODUCTION 

The major aim in the migration study program carried out at Argonne 
National Laboratory is to determine the important migration characteristics 
and parameters of the long lived actinide and fission product nuclides in the 
lithosphere. This information is to be used as a basis for evaluation of the 
retention of these waste products at future repository sites. 

The ultimate barrier to migration from a repository as well as the con
duit to the environment will be the surrounding deep rock strata. It is 
implicit in this investigation that water moving through deep strata will be 
the sole effective mobilizing agent for the radionuclides from the point of 
original enplacement. This work has therefore been concerned with the behav
ior of various aqueous solutions of radionuclides in contact with selected 
minerals and rocks in various forms. Attempts are made to determine the 
binding or the "K^j" with respect to rocks and minerals as well as determining 
the extent of migration under various conditions. It is hoped to be able to 
relate these findings to radionuclide behavior under actual field conditions 
and extrapolate them to the future in such a manner that a credible safety 
assessment can be made. 

The work carried out on radionuclide migration in geologic strata des
cribed in this report resulted largely from a conference held at ERDA, 
Germantown with members of the Division of Nuclear Fuel Cycle and Production 
in Jan. 1977. It was suggested that the behavior of neptunium(V), particu
larly that portion resulting from the decay of already mobilized '̂̂ Âm, was 
of sufficient concern to warrant immediate study. Additionally, the migra
tion characteristics of the anionic technetium and iodine also required 
attention. The presence of the long lived ^^^I and ^^Tc in process wastes 
must be taken into account in any deep burial isolation scheme. It was 
therefore agreed to examine the migration of these nuclides with a view to 
understanding their role in waste isolation and to find means of immobilizing 
them if it should prove necessary. 

There is very little justification for laboratory studies of migration 
unless they can be seen to be applicable in the field. Thus another aspect 
ll Iv.^ r ^ carried out in this laboratory is concerned with examining sites 
of ™^^^.^^^P°f^l °f radionuclides has already taken place. Corings of some 
as a fnn^M^ already available to us and analysis of the radionuclide content 

site over ^h^ ̂  ^? ^^ ^ "̂"̂ ^ ™^^"^^^ ^^ ^^^ ^<=t^l behavior of a disposal site over the time interval of "operation". 

radionucUde''migration'"%!r'^''"^ "̂̂  ̂ ^^^ °^ '^^ aforementioned aspects of 
lineate binding'properUes and'""'' ""' "'"" described to discern and de-
cies for several nuclides! P^^^^^^ers of various minerals and rock spe-

mineral with TparticulL^nucUr'%:'">.'"" '° °''"'^ "K,'s" of the rock or 
with a solid sample of the rorlcll V'^''^^^,''^ ^^^ual migration (or binding) 
from the experiments: a simolp ^ f .^^^^^"^"^^d. One fact appears to emerge 
ficient to explain the observpH ^^^^^^^^^""» chromatographic model is not suf-
real natural rocks. °̂ ^̂ ^̂ d̂ behavior of radionuclides interacting with 

It has also become apparent tĥ i- t-u^ -^ • 
Hparent that the oxidation states of the radionu-



elides are important. This statement is not meant to be profound. It is, 
of course, obvious that the chemistry of the nuclides is important in an 
essentially chemical reaction with the rock strata. Nevertheless this truism 
is frequently ignored and the literature contains much work on radionuclides 
in the environment where the oxidation states and the role they play in mi
gration is unknown or disregarded. Therefore it is felt that this aspect of 
the migration study should be explicitly stated. 

The situation is complex. The various oxidation states of a given 
radionuclide may bind differently to a given strata and oxidizing or reducing 
components in the geologic material may react with the radionuclide to change 
its original oxidation state. It is also clear that the various oxidation 
states will have different reactions with complexing agents which may be pre
sent in the subterranean water(l,2). Because of these effects it is felt that 
it was important to determine the stability of the oxidation states of Pu and 
Np under conditions expected in the vicinity of a repository. 

Techniques that have been developed in this program are presently being 
applied to collaborative research programs with Battelle Northwest and Sandia 
Laboratories. These collaborations are aimed at providing information on 
nuclide migration for safety evaluation programs at the proposed future Of
fice of Waste Management (OWI) and Waste Isolation Pilot Plant (WIPP) facili
ties. 

Finally it should be stated explicitly that most of the programs des
cribed in this report are empirical in their approach. It is understood that 
fundamental research in this field is desirable but the exigencies of the 
task of evaluating a prospective repository require a direct "engineering 
approach". When basic information is required to understand the empirical 
observations, the appropriate studies should be undertaken. 



KF.HAVTQR OF NEPTUNIUM WITH SPECIFIC ROCKS AND MINERALS 

The work reported in this section is still in progress but since inter
est was evinced in neptunium migration because of its biological activity (1) 
and the fact that it will ultimately become the most abundant alpha emitting 
nuclide (2) it was decided to present the material here as an interim pro-

^''^^%eptuniun^237. an a-emitting actinide {Ty.^ = 2.2xl0^y) is generated by 
nuclear reactions during reactor operations and is found m spent reactor 
fuel*. It may appear in reprocessing wastes according to the particular 
process used. This nuclide also results from the decay of americium-241 
according to the equation 

""^^Am^ '^'Np + '̂ He 

Americium-241 in turn is produced during reactor operation by second order 
capture of neutrons by plutonium 

"'Pu(n,Y)^Pu(n,Y)i^Pu ^'i^iAm 

It is this latter source of Np that is important in the waste isolation con
text since it has been reported (3) that Am migrates much faster than Pu(IV) 
does in certain geologic strata. Thus neptunium may be formed as a decay 
product of Am at some distance from the original repository. On the other 
hand, the "in situ" Np formed by direct nuclear reaction within the fuel as 
mentioned above is probably in the easily hydrolyzed insoluble (IV) state 
and would not migrate easily. This may be inferred from the fact that the 
Np will be incorporated in some kind of glass and it is likely that the melt
ing of the glass at '̂ >1000°C will decompose any higher oxidation states. If 
this neptunium, however, should actually reside in the waste in higher oxida
tion states it may migrate much more readily and the problem could become 
more acute. 

The Np(V) oxidation state is stable and soluble (4) over a wide range of 
pH's including the pH of natural ground water which varies from approximately 
4 to 9. It is in this region of pH exhibited by ground water that a study of 
Np chemistry and the reactions with various minerals and rocks has been made. 

^ S L E t e / M ^ ^ o S ; ^ ' ' ' ^^^^^ - ^ " ^ " ^ ^"«P i^ ^-38x10^ disintegra-



This report is divided into two parts. The first part concerns itself 
with the probable oxidation state of neptunium in radioactive waste solutions 
and the second part with the effect of certain geologic materials on solu
tions of neptunium. 

EXPERIMENTAL 

Neptunium-237 obtained from Oak Ridge National Laboratory was precipi
tated from solution as a hydroxide by addition of NHt»OH. The soluble cations 
remained in the supernatant. After washing with water the purified precipi
tate was used as stock for further preparations. 

To prepare Np(V) the Np hydroxide was dissolved in 0.1 ^ HCl and con
verted to Np(VI) by passing ozone through the solution. When the reaction 
was complete, the Np(VI) was converted to Np(V) by addition of NaN02 which 
quantitatively reduces Np(VI). Ammonium hydroxide was added to precipitate 
the Np(V) hydroxide which was then washed repeatedly with water. Np(V) 
hydroxide was dissolved in dilute HCl and the pH adjusted to 7 or other 
values by adding LiOH. This solution was then used as the stock solution for 
the migration and sorption experiments. 

The geologic materials used in these experiments were either very common 
substances, such as sandstone, basalt, tuff, shale and limestone or else 
minerals such as galena, chalcopyrite and apatite, which had been already 
tested with the environmentally important anions I and TcOi* (5). 

The sorption of Np(V) on Los Alamos tuff or Salem limestone was studied 
using an elution method similar to that employed in the plutonium-americium 
migration study (3). A sample of Np(V) in about 50-100X of solution (pH = 7) 
(about 40 yg) was placed on the surface of a small cylinder of the rock and 
dried. Water, previously contacted with the appropriate powdered rock for 1 
week was passed through the rock to elute the neptunium. The Np in the 
eluate was measured by a-counting the dried residue on a stainless steel 
plate. 

Batch experiments were carried out in spectrophotometer absorption 
cells. The granulated or powdered mineral or rock, 250 mg and 2 ml of the 
neptunium solution were placed in a cell and the absorption spectrum measured 
at 980 nm (the absorption peak of Np(V)). The cell was mechanically agitated 
for various lengths of time, centrifuged and the absorption spectrum re-
measured. In some cases a-counting was also used for analysis. 



RESULTS AND DISCUSSION 

Neptunium exhibits five oxidation states in aqueous solution: 3. 4, 5, 
6 and 7. However, Np(III) is very easily oxidized and Np(VII) very easily 
reduced. Consequently, these two oxidation states are probably not important 
in the context of waste isolation. Neptunium(IV) is easily hydrolyzed and 
quite insoluble in water at the pH of interest and Np(VI) has been shown to 
decompose slowly to Np(V) (6). It would appear therefore that initially at 
least, the behavior of Np(V) should be the primary objective of investigation 
in migration studies. 

The absorption spectrum of Np(V) in aqueous solution exhibits a promi
nent peak at 980 nm which lends itself admirably for analytical purposes. 
Table I shows the molar absorptivity of Np(V) as a function of pH. These 
data indicate that the same species of Np(V) is stable from the acid region 
up to a pH of about 8.7. Beyond this pH the 980 nm peak of Np(V) changes; 
first a shoulder and then a new peak at 990 nm appear and finally at a pH of 
14 the main Np(V) absorption peak has shifted to 1010 nm. The successive 
changes are shown in Figure 1. The change in spectra indicate that new Np(V) 
species are formed. 

The solubility of Np(V) in water as a function of pH is given in Table 
II. Its solubility in the pH region 4-7 is greater than 0.01 M or more than 
2 mg/ml. The data in Table II were obtained by assaying the neptunium solu
tion at each pH. 

Table I. Molar Absorptivity (i/mol-cm) of Np(V) as a Function of pH, 

Peak (nm) pH = 1.2 2.7 4.6 7.4 8.4 1.7 9.2 

1116 
1096 
1024 
980 
616 

6.6 
27 
9.6 

25 

5.9 
26 
9 

420 

6.1 
26 
8.8 

23 

6.7 
26 
10 

26 

5.3 
24 
11 
387 410 

30 

20 

271 192 

Table II. Solubility of Np(V) vs. pH. 

pH Np(V)(moles/liter) 

4.6 
7.4 
8.4 
8.8 

.0176 

.0118 

.00075 

.00055 

bv H T^T"''^"^"T^ °'.!J'̂''̂  ̂ "' "'^^^" '° ̂ ^^^^^ oxidation or reduction 
at a PH of ril%nl'^-'"''"''^"'"''" '? '^" "^^^°^ °f radiolysis products; 
l ^ g f if o^idaUo^n'st't:.^"'^^^' " ''''' ' ' ' '^^- ^ "^^ ̂ - - ^ ̂ ^ - ^ -

the pr^du t̂si:: ::rrin:oiubi: "'ii'Lr'^'i' ""I'^t'^'^' ^̂ "-- -̂  ^̂-
these hvdrnlv̂ p,̂  very insoluble. It has been found that air will oxidize 

Pvv; can easily be seen when air is in contact with Np(IV) 
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Fig. 1. Changes in Absorption Spectrum of Np (V) with pH 



so l ids in water . 
I t was observed in t h i s i n v e s t i g a t i o n t ha t Fe( I i ) in so lu t ion a t pH 5-7 

w i l l slowly reduce Np(V) to Np(IV). Thus t h e oxidat ion s t a t e of neptunium 
wi l l depend upon the presence of a i r or F e ( I I ) s o l u t i o n s , in the presence of 
atmospheric concentra t ions of oxygen t h e i r o n w i l l be F e ( I l l ) and no reduc
t ion of Np(V) to Np(IV) can be expected . In deep rock s t r a t a where the 
ground water general ly conta ins F e ( I I ) i t can be expected tha t Np w i l l be in 
the IV s t a t e if no other ox id iz ing agents a r e p resen t whi le , in r eg ions much 
closer to the surface where the water may con ta in oxygen, Np(V) w i l l probably 
be the dominant spec ies . This e f f e c t , of cou r se , has impl ica t ions for the 
react ions of Np in rock s t r a t a with consequent e f f e c t s on i t s migra t ion , and 
i s also being inves t igated for Pu. 

Several experiments were performed to measure t h e r e t e n t i o n of Np(V) on 
tuff (Los Alamos tuff; consol idated vo lcan ic ash) s i m i l a r to the Pu s tud ies 
(3) . Three separate experiments showed t h a t Np(V) i s not apprec iab ly ad
sorbed by tuff and i s e luted wi th in a few f ree column volumes. The data for 
one of these experiments a re shown in Figure 2 . The sharp peak in the e lu 
t ion curve occurs at l e s s than two free column volumes (a f ree column volume 
i s defined as the porosi ty of the rock t imes i t s geometric volume and i s 
determined by f i r s t weighing the rock dry and then s a t u r a t e d with w a t e r ) . 

Because of the s t a b i l i t y of Np(V), i t s s o l u b i l i t y and i t s p o s s i b i l i t y 
in ground water, i t i s important to find common minera l s or rocks capable of 
immobilizing i t . In order to perform a rap id survey of minera l types i t was 
decided to look for indica t ions of absorpt ion of Np(V). 

I t should be emphasized tha t these experiments were not aimed a t measur
ing exact values of K^ and in general were only run for a few hours and not 
to equilibrium. I t i s proposed for fu ture work to s e l e c t the most promising 
minerals and measure sorption as a function of t empera ture , pH, concent ra t ion 
of Np and mineral p a r t i c l e s i ze as parameters a f f ec t ing the equ i l ib r ium. 

Thus a se r i e s of batch experiments were made a t room temperature in 
which 2 ml of Np(V) stock so lu t ion (lO"** M a t pH = 7) was mixed with 0.25 
grams of the various so l ids d i r e c t l y in a spectrophotometer absorp t ion c e l l . 
The 980 nm absorption peak of Np(V) was monitored a f t e r va r ious t imes of 
mixing. 
n e . k / ^ r i ^ ' " ^ ^ ' ' ^ " ^ ' S""^*^^' ^"^ ^hale the 980 nm peak was s p l i t i n t o two 
PH m e ; s u r ^ ^ L r H T ' ! '*"?' ' ^^ so lu t ions had a pH of about 9 and indeed the 
?^e s u r ^ r l s l n ^ ^ ' ^ V r " '*^'^"" so lu t ions to have pH's from 8.7 to 9 .7 . 
S the oresen!^"^ f ' ' " °^ g r a n i t e - e q u i l i b r a t e d water can be accounted for 
t h e t p ^ r r e n " b j ZlHTaT^ ^ " " ' ' ^ - '""'^ ""^^ ^^^" demonstrated by 

couid îiav: be:n'redu:t?:f triL'"rM'"^» '^\'''^'^ "̂ ^°^"'-" --̂  ^̂-̂  
f e l t that the Np^VI) s p e c t r l Z l H i ' ^^^J"^ "'^ ox ida t ion to Np(VI) i t was 

of N p C l v r w o i i r w ^ S i t a t i : r t h i ^ p T ' ^ ^ " ' ^"^ ^ " ' " ^ " ' ^ ^ ^ 
ccept for the s i d e r i t e PV^«.-,-™„„. . . . . . ^ P^* 

r e d u c i n r a g e n r i n t h o s f m i n L S f t h a r ^ K ' ^ ^ ^ / ^ ! "^ apprec iab le amount of Tr,« ™-f.,«,-.,i„ „!..•.__ __"'J-nerais tha t absorbed the NoTVi. T>.« r.^^^^ ^^^.,^ the Np(V). The o ther reducing minerals chalcopyr i te , galena T n H . ''^''^^' ^^^ '^^^^^ ^^' 
so lu t ion . However, since t h i s s t^dvH ''^ ^ ' ^ " ° ' ^^^^^^ ^P^^^ f^°"^ 
or even a range of surface areas i t cannn^''^'' ^^^^1^^^ ° t h e r mineral samples 
w i l l not be important. On the c o n t r a r v ^ c l^ ^^t ""̂ ^̂ ^ r educ t ion to Np(IV) 
Fe(II ) in solut ion i s capable of red 1 ^ \ ^ f ^^^^^^^^y been pointed out 
a heterogeneous reac t ion at a sol id I^IT ^ P W . I t may be p o s s i b l e to have 

burxace and the r e a c t i o n of Nnrv") with 
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Fig . 2 . Absorption Behavior of Np(V) on Los Alamos Tuff 



10 

siderite (FeCOs) is being investigated*. 
Table III shows the results of these experiments. The materials in 

group A showed no sorption; group B small sorption, and group C substantial 
sorption. Thus there are materials found in geologic strata that have the 
potential to immobilize Np(V). 

After observation of the absorption by limestone in the previous experi
ment, a macro experiment with a 9 gram piece of Salem limestone was carried 
out. Thirty-two micrograms of Np(V) at a pH of 6 in lOOX of solution were 
deposited on the surface of a cylinder of limestone 2 cm in diameter and 1.1 
cm thick. The limestone was then air dried. A head of 1.2 meters of water 
was sufficient to move pre-equilibrated water through the rock at a reason
able rate, 10 to 15 ml./day (100 meters/year). The water was pre-equili
brated with powdered limestone and had a pH of 9.1. 

Table III. Sorption of Np(V) From Water. 

A. 

B. 

Absorbent 

Chalcopyrite 
Galena 
Pyrite 
Magnetite 
Basalt 

CuFeS2 
PbS 
FeSa 
FeaOi* 
Silicates 

PH 

7±.5 
7±.5 
7±.5 
7±.5 
7+.5 

Time (hours) 

3 
1 
2 
2 
1 

%Np(V) 
in 

Remaining 
Solution 

100 
100 
100 
74 
77 

C. Apatite Cai^(CaF) (P04)3 7±.5 2 1 
3 

54 
40 
14 
14 
17 

Azurite 
Sandstone 
Shale 
Siderite 
Limestone 
Granite 

2CuC03*Cu(0H)2 
Silicates 
Silicates 
FeCOa 
CaCOa 
Si02.KAlSi308, 
CaAlSiaOe 

7±,5 
7±.5 

'\'9±.5 
7±.5 
9±.5 
9±.5 

2 
3 
3 
1,5 
2.5 
4.0 

Samples of the eluate were collected at time intervals from six to 72 
hours and 4.5 to 44 ml. in volume. Each sample was evaporated nearly to 
dryness and the entire sample was plated and alpha counted for neptunium. 
i?7Q^? 25,700 a/min of neptunium were placed on the limestone and after 
11/8 free column volumes a total of 130 a/min were eluted, or approximately 
u.̂ /= ot the original deposit. After the experiment was completed it was 
Thin''' ^^^\the bulk of the Np was absorbed in the piece of limestone. 
Ifter eauilihr• f. \'°2?^'"S ^^^ ̂ ^̂ OO keV y-ray of the ^^^Pa daughter 
^''NP without ^ T " t""^ ^P- ^^'^ ^ ^ ^ ^ ° ^ ^-^^l^d t^^ determination of 
bind N p m ions ?M ^̂ "̂̂ ^̂ ^̂  ."^^"iP^lations. Thus limestone does absorb and 

Np(V) ions. This result is in agreement with the data in Table III. 

Concrete Compan;: Shale PointT ?^'''^^' ^^^^^' ^^^^^^ ^ ^ ° ^ ^ ^ ^ 8 ^ Precast 
Greenland; Umes^onrLlem BSorrind'^'^''^ ^''^^'^"' Arksukfjord, 
Nevada. * Bedford Indiana; granite, Nevada Test Site, 



11 

MIGRATION OF ACTINIDES FROM DISPOSAL SITES 

The adsorption studies and modeling experiments carried out at this 
laboratory are complimented by a program of radiometric analysis for actin
ide elements of core samples from existing waste disposal sites. Samples 
have been obtained from two such sites; the Los Alamos Scientific Laboratory 
(LASL) and the Chalk River Nuclear Laboratory (CRNL). Neither site can be 
considered an ideal model for deep geologic disposal, however they are the 
best available for study at this time. In each case large volumes of waste 
process solutions and CRNL solid waste as well, were disposed of in shallow 
backfilled trenches and left exposed to the weather. At the LASL site these 
conditions were arid but the CRNL site drained into a swamp. The matrix 
through which the waste at LASL percolated was tuff, a compacted volcanic 
ash, the CRNL matrix was a sand-clay mixture. Each site has been inactive 
for at least ten years but adequate records have been maintained as to time, 
amount and nature of discharges (8,9). 
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EXPERIMENTAL 

The nature of the sites required diverse procedures for analysis. The 
actinide elements at the LASL site were contained in a small area because of 
the hieh adsorptive properties of the matrix and the arid conditions. Core 
sallef^^^^ six inch intervals from below the floor of a disposal 
trench to a depth of twenty feet. The floor being six feet below the sur
face of the ground. While in use ̂ 2x10^ gallons of waste containing 100-
1000 pCi of Plutonium per milliliter were discharged between 1945 and 1967. 
The area has since been backfilled and regraded. A portion of each core was 
dried and ground prior to sample preparation. A weighed aliquot of each was 
then compacted into 2 mm x 15.9 mm disks contained in a cardboard holder. 
The concentration of ^^^Pu and =̂ ^̂ Am in each sample was determined by low 
energy photon spectroscopy (LEPS) using a 2 cm' by 0.5 cm thick planar lith
ium drifted germanium detector in a large 6 inch thick steel shield. 

This technique was employed in preference to the more conventional wet 
chemical analysis for several reasons. It eliminates uncertainties m sam
ple preparation and handling. There are no reagent blanks, no question of 
sample dissolution or chemical yield. Furthermore less time is required for 
each analysis. In practice, each sample was counted for 15-24 hours and the 
resulting data manipulated by an on-line, real time computer system. Data 
handling consisted of subtraction of a normalized background, integration of 
the 60 keV gamma line to determine the ''̂ Âm content followed by stripping 
the Am from the combined spectrum with a normalized ''*̂ Am library standard 
spectrum. Results were then calculated on the basis of pCi/g of dry sample. 
A plot of these results as a function of depth is shown in Fig. (3) . Inspec
tion of these data reveal several interesting characteristics. In spite of 
the large volume of discharge waste and over 20 years of rainfall, half of 
the actinides were retained within the top foot of the surface; less than 1% 
being found at depths greater than 14 feet and nothing below 20 feet. The 
geology and climate of the LASL disposal site are such that it is reasonable 
for discharges of tens of thousands of gallons not to penetrate greater than 
20 feet. Evaporation is known to be the sole source of precipitation loss 
under such conditions and ground water recharge is not possible. It is safe 
to assume the same is true of waste discharges of such magnitudes. The 
plutonium shows the same behavior experienced in laboratory models of strong 
surface adsorption; forerunning exponential plume out to a small component 
at the leading edge. The Am data present a more complex picture. 

The americium comes from two sources; the original process waste solu
tion, and the continuous beta decay of its 13.2 year ''̂ P̂u parent. It is 
this second source which generates Am long after disposal and at a depth 
dependent upon the migration of the precursor. 

What is obvious, however, is that the majority of the Am migrated to a 
depth of 9 feet. In order to evaluate these results and to validate the 
laboratory modeling program, a scale model LASL disposal site was construc
ted. Synthetic process waste solutions spiked with 23 7pu ^nd ''̂ Âm tracers 
were prepared. The concentration and volumes of these solutions (see Table 
IV) were scaled according to the LASL records and percolated through a spec
imen of Los Alamos tuff, obtained from the site of the actual disposal 
trench These solutions were introduced in sequence at a controlled flow 
rate of 65 meters per year with a metering pump followed by water equivalent 

Irtl^n-r^"' I l^^f \ ^""^ 'P^"'"^"^ "^^ '^^^ ^^i^<^' sectioned and the 
actinide content of each section determined by gamma ray spectroscopy. A 
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Table IV. Composition of Effluents 

Date 

1945-
1950 

1951 -
1952 

1953-
1967 

Volume 
(gallons) 

L4xl0^ 

1.0x10^ 

4,0x10^ 

Chemical 
Composition 

160 ppm F 
13 ppm NH^ 

"Cone" 
ammonium 
citrate _ 

200 ppm F" 

0.1M 
NaNOj 

Plutonium 
Concentration 

60 c/m/ml 

7xl0^c/m/ml 

Trace 

Total 
Plutonium 

45 g. 

3.7g. 

<10g. 
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plot (scale 1 cm = 2 ft) of these data is shown in Fig. (4). The plutonium 
results agree remarkably well with core samples; the same strong absorption 
near the surface with a plume to the leading edge. The depth of migra
tion also agrees when the scaling factor is considered. The americium re
sults are not as well correlated, but they do show greater migration for the 
bulk of the Am as compared to Pu. The lack of correlation may be due to the 
uncertainties in the Am source term. 

The second site studied in this project (CRNL) presented a different 
set of problems. In 1954, 1500 gallons of a nitric acid waste solution con
taining 230 Curies of mixed fission products activity were poured into a 
shallow hole in the "A" disposal area of CRNL disposal site. This solution 
also contained 1-2 grams of plutonium. This site is a sandy swamp and the 
discharge was into an aquifer. The CRNL personnel have extensively studied 
this disposal site for migration of fission products as well as its geology 
and hydrology (10). Our contribution will be to determine the migration of 
Pu. Analytical measurements of Pu in cores from this site are complicated by 
the nature of the site; the small amount of Pu discharged, its dispersion by 
a large volume of water and the excess of gamma emitting fission products. 
Because of these conditions, the non-destructive instrumental method employed 
with LASL samples was found not practical. Much effort was expended develop
ing the simple yet effective radiochemical procedure required. Each sample 
was dried and ground to a fine powder. One or two gram aliquots in poly
ethylene centrifuge tubes were leached overnight in 10 ml of 8 N HNO3 with 
gentle end over end tumbling. Tests on synthetic and calibrated standard 
samples indicate the leaching step quantitatively removes Pu from the sand. 
Samples were then centrifuged and the acid withdrawn and contacted with 2 ml 
of a 30% solution of Aliquat 336 (a liquid quaternary amine ion exchanger) 
in xylene. Extraction was followed by scrubbing with 4 M HNO3 and 9 M HCl 
primarily to remove Th, the only significantly interfering element. Pu was 
then back extracted into 1 M H2SO4, neutralized to pH 2 with NHitOH and 
electroplated onto platinum disks for alpha pulse height analysis. Excel
lent quality plates were obtained resulting in well resolved spectra. Re
sults were normalized after yield corrections to pCi/g of dry sample. Thus 
far one set of samples from a single core has been processed representing a 
vertical cross section of Pu at a coordinate near the fenced in disposal 
site, approximately 65 ft from the original discharge. Figure (5) is a plot 
of these data. Obviously little can be inferred from only one coring but 
numerous archival samples are available and the fullest cooperation of CRNL 
has been assured in supplying those and/or any additional cores required. 
The goal is to measure the extent of the Pu migration as well as calculate 
relative migration coefficients from horizontal distance migrated as com
pared to known water flow rate in this medium. 
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SORPTION OF TECHNETIUM AND IODINE ON ROCKS AND MINERALS 

INTRODUCTION 

Most radioactive isotopes whose half-lives are long enough to require 
deep geologic waste disposal are cationic. Known ion-exchange and other ab
sorption processes within the rock strata substantially slow the migration 
of these radioactive cations in solution (3,11-17). For example, it has been 
shown recently (3) that the relative migration coefficient for plutonium in 
various rock types is approximately 100 micrometers per meter of water flow 
(i.e., the plutonium in the groundwater will advance 100,000 times more slow
ly than the groundwater front). 

Stable chemical forms of technetium and iodine, however, exist as anions 
in groundwater solutions. Many soils and lithic strata do not bind anionic 
species (15,16). In fact, for these anionic species no significant delay in 
migration due to ion-exchange processes in common silicate-bearing rocks 
(e.g., tuff, basalt, granite) has been noted (5). Technetium and iodine, 
moreover, have long-lived isotopes present in nuclear wastes which may pose 
an environmental hazard (Ti, for ^^Tc = 2.1xl0^y, T;. for ^^^I = 1.6xl0^y). 

Because of these factors several sets of experiments have been carried 
out to examine sorption mechanisms other than ion-exchange which can im
mobilize the common anionic forms of technetium and iodine. The anionic 
species of interest are presumed to be: 

(1) pertechnetate (TcO^) 
(2) iodide (I~) 
(3) iodate (lo"̂ ) 

One possible sorption mechanism is the chemical reduction of the ions to 
a more easily immobilized form. Another possibility is the formation of an 
insoluble species by incorporation into the crystal lattice of an insoluble 
matrix (18). 

^y.^nZl-^'^^T^^^^^ l^^^^ alternatives measurements were carried out on the 
variof'^n P^"^'=*^f'"^. iodide, and iodate ions from a solution by 
™ coprecirtatl^r "̂<=l"<>i"8 '^-^ which may contain potential reducing 
technetium and i o d i n T " ' - ^'°'" '^^ consideration of the chemistry of 
copper lead Ld/n }^ "^' '"'""'"'' '^^^ ""^^ "components" would contain 
pa^tic^lar rock t v L r . '; J f l"d^d i" this investigation were certain 
waste d : p o : TreLhercutln'trl' T ' ^ "̂ "̂̂  '°' small-scale radioactive 
Laboratory had been ued in the la': 940 S'"'H ?O.J;?^ ^^""^ Scientific 
wastes. Some nuclear waste diLosi! UTn .^^°^ "̂"̂  ̂ '^"" radioactive 
perimental Breeder Reactorll n^^r Idaho T^Z .."^ ^""^ '"^"'^ "' "̂ '̂  ̂ "-
the area around the Nevada NucU^r Test slt^ ' 1°" ^""^ "^"P^^" ^'^°" 

<-j.Kar lest Site were also included. 
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EXPERIMENTAL PROCEDURES 

A, Radiotracers 

The radioactive isotopes used in these experiments were iodine-131 and 

technetium-95m chosen for their easily resolved gamma rays even in the pres

ence of one another (Table V), Iodine-131 as iodide was purchased in car-

Table V. Radioisotopes Used in Experiments. 

Isotope Half-Life Principal Gamma Ray 
Energy 

^^^I 8,04 days 364 keV 

^̂ "̂ Tc 60 days 204 keV 

rier-free solution and diluted to convenient tracer levels. The iodate 
tracer was made by oxidation of iodide tracer with sodium hypochlorite, 
Chloramine B, or ozone (19) . Technetium-95m was made at the Argonne cyclo
tron by the ^^Nb(a,2n)^^™Tc reaction. The niobium foil was dissolved in a 
solution containing 15 M HNO3 and 28 M HF. The technetium was separated and 
purified by standard ion-exchange radiochemical techniques (20) . The final 
tracer solution consisted of ^^™Tc0^ in a dilute ammonium hydroxide solution. 

B, Rock Cores (Tuff) 

Initially, a series of experiments was carried out using small cylinders 
(3 cm X 2 cm diameter) of Los Alamos tuff, which is well suited for labora
tory experimentation and has been used in migration studies of actinides 
(3,5), The outer surface was waxed and the rock cylinder was attached to a 
glass tube. Fifty microliters of iodide or iodate ion tracer were applied to 
the top of the dry tuff column; and water, previously equilibrated with 
crushed tuff rock, was dropped onto the column (Figure 6). The flow rate 
corresponded to a water front velocity of approximately 0.8 kilometer/year, 
a value in the range of measured aquifers (21), The water dripping from the 
porous rock was collected in vials, which were analyzed for gamma activity 
using a Nal scintillation counter. Experiments were also conducted in which 
the tuff cylinder was first saturated with water pre-equilibrated with 
crushed tuff rock before the radiotracer was applied. 

C, Crushed Rock Columns 

In other experiments, quantities (several grams) of crushed rock (60-
100 mesh) were loaded into polyethylene or glass tubes, such as would be used 
for ion-exchange columns, and saturated with pre-equilibrated water. Approx
imately 30 microliters each of the pertechnetate tracer and iodide or iodate 
tracer were applied to the top of the saturated crushed rock column. Water, 
pre-equilibrated with the particular rock type, was passed through the column 
at a fixed rate. The equivalent water front velocity in these columns was 
approximately 1 kilometer/year or faster (and in some cases, discussed below, 
the water front velocity was considerably faster). 
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D. Batch Experiments 

A method was devised to examine a large number of mineral samples to 
determine their relative ability to bind the pertechnetate, iodide, and 
iodate tracer. A weighed amount ('vO.S gram) of crushed rock or mineral (60-
100 mesh) was added to a polyethylene vial along with 1 milliliter of water 
pre-equilibrated with the mineral. Measured amounts (approximately 5x10^ 
dpm) of the pertechnetate tracer, and one of the iodine tracers were added to 
each vial. These vials were shaken continuously for periods of up to three 
days. After shaking, the vials were centrifuged and an aliquot of solution 
was removed from each vial and analyzed for activity to determine the amount 
of activity retained on the rock for each tracer, 

A second series of experiments was designed to test the effects of using 
different pre-equilibrated solutions. A weighed amount of mineral was added 
either to one milliliter of its own pre-equilibrated solution or to one mil
liliter of pre-equilibrated solution of a different mineral. Tracers were 
added and the vials were shaken up to 5 hours. Afterwards, an aliquot of the 
solution was taken and the amount of tracer absorbed on each mineral were 
determined. 

Batch experiments was carried out using weighed amounts of various chem
ical reagents in crystalline or powdered form. The procedure used was the 
same as in batch experiments with crushed rock. Water, pre-equilibrated with 
each chemical reagent, was added to a vial containing a weighed amount of the 
chemical. The vials were shaken for approximately three days, then centri
fuged, after which an aliquot of solution was removed from each vial for 
measurement. 

To measure the capability of the crushed rock columns to absorb macro
scopic amounts of the iodide ion, a preliminary batch experiment was done in 
which non-radioactive ("carrier") iodide was added to the iodide tracer solu
tion. This solution was then dispensed to the vials containing crushed rock 
and pre-equilibrated water. The amount of carrier was "̂ 2 mg iodide ion per 
vial. Vials were shaken for approximately three days before the fraction of 
iodide absorbed by the crushed rock was determined. 

E. Counting Procedures and Data Processing 

In most of the experiments, the activity in the vials was measured on a 
Beckman Biogamma 3-Channel Gamma Spectrometer. The Biogamma uses a 3 x 3 
inch Nal crystal scintillation detector. Two channels were used as windows 
for the 204 keV gamma ray of ^^^c and the 364 keV gamma ray of ^^^I. The 
Biogamma includes a sample changer for up to 200 vials with automatic print
out of data for each vial counted. In some early experiments, a two-
channel gamma spectrometer system was used with a two-inch Nal well crystal. 
This counter did not contain an automated sample changer and data was re
corded manually. 

In experiments using mixed tracers, separate iodine and technetium 
standards were used to determine the overlap of each tracer in the adjacent 
window. Correction for the overlap was made and the net activity due to 
each tracer in its respective window was determined. 

1. Column Experiments - the total amount of activity applied to each 
column was determined by measuring aliquots of standard tracer solution. 
The tracer activity for each vial in a column series (corrected for back
ground and any overlap) was then converted to the fraction of applied activ-
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i t y . The free column volume* for each experiment was es t imated by measuring 
the weight difference in a measured geometric volume between dry and s a t u r a 
ted columns*^. Water flow r a t e s were determined by timed measurements or by 
the ra te set on a metering pump supplying p r e - e q u i l i b r a t e d water to the 
column. 

2. Batch Experiments - The t r a c e r a c t i v i t y ( co r r ec t ed for background 
and any overlap) was determined (as descr ibed above) for each v i a l con ta in ing 
an individual al iquot of so lu t ion . The f r ac t ion of a c t i v i t y (Fj^) sorbed by 
the rock or chemical mater ial was determined by Equation (1) . 

\ 'T 

where A = activity of the aliquot removed from the vial a 

A^ = total activity put into the vial 

V^ = total volume of solution in the vial 

V^ = volume of aliquot removed from the vial. 

The total activity was determined by counting an aliquot of tracer solution 
in the same geometry. The volume V^, was approximately one-half of V̂ ,, 

All vials in a given experiment were counted as a group within a few 
hours of each other. Therefore, no correction for radioactive decay of the 
tracers was included. 

*A free column volume is defined as the tn1-.^ i 
porosity of the rock. ^^^ volume of the rock times the 

Tuff rock cores were saturated bv nl^rir.^ ^u 
equilibrated water inside a desiccator^L ''''''^ ^" ^ ^^^^^"^ °f P^e-
rock columns were saturated by running pre ^ 7 ' ^ ^ ' ' " ^ '^^ ^^^' ^^^^^^^ 
columns. running pre-equilibrated water through the 
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RESULTS AND DISCUSSION 

A. Los Alamos Tuff Experiments 

From the Biogamma counting data, the fraction of applied activity col
lected in each vial of measured volume was calculated as a function of the 
total amount of water collected. The total fraction of applied activity 
passing through the core was determined by summing up the activity in all 
the collection vials. In the Los Alamos tuff core experiments, using iodide 
tracer, over 90% of the activity passed through the tuff core. Most of the 
activity came through in the first few free column volumes. In the case of 
a saturated rock core (as shown in Figure 7), the peak of activity occurred 
after the initial column volume of water present in the rock core had passed 
through. In two free column volumes essentially all of the activity had 
come through the core. The results of using lO'i ion tracer on a tuff column 
(either saturated or dry) were similar to those using I ion tracer. 

It is evident from the elutions of these tuff columns that (1) no sig
nificant amounts of iodine are being bound by the tuff, and (2) there is no 
significant delay in the migration rate of iodine (relative to that of the 
groundwater flow). 

B. Crushed Rock Columns 

When a crushed limestone column was used, 62% of the applied I activity 
came through, mostly in the first three column volumes (Figure 8). In con
trast, when I activity was applied to a column of chalcopyrite*, only 4% of 
the activity came through after 35 free column volumes had been collected 
(Figure 9). Most of this 4% was collected in the first few free column 
volumes. It is probable that the initially collected activity was that 
iodide ion tracer which had gone through the column without reacting with 
the rock structure. 

The results of applying 10^ tracer to a chalcopyrite column is shown in 
Figure 10. In thie case 72% of the iodate activity passed through the column 
in the first three hundred column volumes. Figure 11 shows the results of 
using lO"̂  tracer on a bournonite** column. Of the applied activity, 47% had 
passed through the column after 1200_free column volumes . 

These last two columns using 103 tracer were run at a much higher water 
velocity (10-80 kilometers/year). This water velocity is 20 to 100 times 
faster than in previous columns and may have caused a non-equilibrium con
dition. Thus, less tracer would have been absorbed. This explanation of a 
rate effect (rather than one in which major differences in sorption exist 
between iodide and iodate ions) was confirmed in batch experiments (dis
cussed below). Furthermore, the deleterious effect of higher water veloci
ties on sorption and the fraction at equilibrium has been demonstrated in a 
study of the migration of another radionuclide (11). It should be pointed 
out, however, that the 10-80 kilometer/year velocity is still within the 

*Chalcopyrite is a copper iron pyrite mineral, CuFeSz-
**Bournonite is a copper sulfide mineral, CuPbSbSs. 
"̂ The increase around 700 free column volumes is due to a temporary interrup
tion in the water flow and probably was not due to a delayed iodine peak 
migrating through the column. 
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extreme upper limit of aquifer flow rates and could conceivably arise if 
large amounts of water were to inundate a highly fractured rock stratum. Of 
course, the residence time in the rock stratum would be much longer than in 
the crushed rock column used in these experiments. 

When TcO^ tracer was used with a limestone column (Figure 12) 82% of the 
TcOi* tracer came through, mostly within the first two column volumes. When 
a chalcopyrite column was used, all of the pertechnetate came through (Figure 
13) , Due to column size, the water velocity was approximately 10 kilometers/ 
year. 

The absorption of TcO^ on a bournonite column is shown in Figure 14, In 
this experiment only 10% of the applied activity had come through the column 
in 250 free column volumes. Again, most of the activity which did elute was 
found in the first few column volumes. It is felt that this indicates the 
bulk of the technetium (90%) reacted in some manner with the bournonite and 
was fixed; the residual (10%) did not have time to react and eluted as 
TcO^. 

C. Batch Experiments 

From the data collected from the Biogamma spectrometer and other count
ing equipment, the fraction of activity sorbed on crushed rock or mineral was 
determined. The results are shown in Tables V-A and V-B*. 

pi 

Table V-A. Fraction Sorbed on Crushed Rock 

Rock or Mineral TcOu I~ IO3 

0.59 
<0.01 

0.59 
<0.01 

0.26 
0.62 
0,36 

<0.01 
<0.01 

Apatite 
Anhydrite 
Basalt 
Chalk 
Dolomite 
Grani te 
Siltstone 
Shale 
Los Alamos Tuff 
NTS Tuff 

0.06 
0.04 
0.04 
0.56 
0.02 
0.16 
0.04 
0.08 
<0.01 
<0.01 

0.19 
-
0.34 
0.15 
0.05 
0.21 
0.09 
0.18 
0.19 
0.23 

^^In the rocks listed, apatite is a calcium phosphate mineral; anhydrite is 
calcium sulfate; dolomite is a magnesium-rich limestone; the remainder con
tain aluminum silicate minerals with varying amounts of other metals such 
as magnesium, potassium and iron. 

Table V-A shows that various silicate rocks as well as other minerals 
such as apatite (Ca(F,Cl)(PO^)3) and anhydrite (CaSOc) do not absorb appre-

*From batch experiments on vials containing only water or_rock-equillbrated 
solution, it was determined that less than 1% of the TcO^ sorbed on the wall 
of the vial. Approximate 2% or less of the iodide or iodate activity sorbed 
on the wall. The values listed in the tables, however, do not include these 
corrections. 
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ciable amounts of any tracer used (with a few exceptions*). Table V-B shows 
that technetium and iodine are absorbed (in some cases almost completely) by 
minerals containing copper sulfide. 

Table V-B. Fraction Sorbed on Crushed Rock^ 

Rock or Mineral TcO^ I~ lOT 

Bornite with 
Molybdenite 

Bournonite 
Chalcopyrite, 

Canada 
Pyrite, Venezuela 
Chrysocolla 
Enargite 
Galena^ 

1 

Tennanite 
Tetrahedrite 
Tetrahedrite 

(Argentiferous)^ 

0 
0 
0 
0 

0.22 

0.98 
0.07 

0.54 
0.76 

.10-0.81 

.12,0.99+ 

.09,0.44 

.58,0,99 

0.85 

0.98 

0.89 
0.99 

0.99 
0.52 
0,99+ 
0.87 
0,97 
0.90 

0.87 

0.74 

0.99+ 
0.99+ 

0,99+ 
0,95 
0,97 
0,94 
0.86 
0.99+ 

0.92 

a) 
In the minerals listed, pyrite is an iron sulfide, galena is a lead sul
fide; molybdenite is a molybdenum sulfide; bournonite is a copper lead 
sulfide; chrysocolla is a copper silicate; the rest are copper sulfides 
containing some iron, arsenic, or antimony. 
The wide variation in sorption of these minerals is not understood fully, 
although it appears that it may be related to the mass of the crushed rock 
used (between 0.2 g and 0.5 g). 

c) 
Contains some silver. 

The results in Table VI are from the batch experiments involving mixed 
systems in which the solutions were pre-equilibrated with other minerals. 
They show that the mineral itself rather than the solution seems to be of 
primary importance in the sorption process. Water which had been Pie-
equilibrated with minerals such as enargite"̂ , bornite**, or pyrite do not 
appear to increase the sorption capacity of non-sorptive minerals such as 
siltstone or aluminum oxide. Minerals such as bornite*** or azurite+tt re
tain their sorptive ability despite different accompanying solutions. Sorp
tion may be affected, however, by pre-equilibrated solutions of highly sol
uble minerals, such as salt deposits. Future testing of these solutions is 
planned. 

*The high values for iodate using anhydrite, chalk and siltstone were deter
mined only once. The reasons behind such values are not understood and are 
being examined in additional experiments. 
"̂ Enargite is a copper sulfide mineral containing arsenic: CusAsSi*. 
**Bornite is a copper sulfide mineral containing iron: CusFeSi*. 
'f'tpyrite is an iron sulfide mineral: FeSa-
***Bornite is a copper sulfide mineral containing iron: CusFeSs-
++tAzurite is a hydrated basic carbonate of copper: 2CuCO3-Cu(0H)2. 
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Table VI 

Fraction Sorbed on Mineral 

Mineral 

Azurite 
Azurite 
Bornite 
Bornite 
Enargite 
Enargite 
Enargite 
AI2O3 
AI2O3 
AI2O3 
L.A. Tuff 
L.A. Tuff 
Siltstone 
Siltstone 
Siltstone 

Solution 

Azurite 
Siltstone 
Bornite 

AI2O3 
Enargite 
L.A. Tuff 
Siltstone 

AI2O3 
Bornite 
Enargite 
L.A. Tuff 
Bornite 
Siltstone 
Enargite 
Chalcopyrite, 
Venezuela 

TCO4 

0.53 
0.45 
0,12 
0.07 
0.81 
0,78 

0,03 
0.03 
<0.01 
0.02 

<0.01 

0.97 
0.94 
0.97 
0.98 
0.99+ 
0.99+ 
0.66 

0.04 

0.19 
0.17 
0.12 
0.12 
0.11 

Batch experiments were also carried out using various chemicals in crys
talline or powdered form, as shown in TableVH. Cuprous sulfide (CuaS) ab
sorbs 99% or more of the pertechnetate, iodide, and iodate activity. How
ever, cupric sulfide (CuS) absorbs only a small fraction ('̂ 10%) of the per
technetate activity. This is an important difference since most of the cop
per minerals which were shown to absorb technetium and iodine have copper 
as copper(I). Lead(II) sulfide also appears to absorb technetium as well as 
the iodine tracers. Other metals (in the sulfides used) exist at their 
higher oxidation state and so not absorb large amounts of technetium. 

Table VII. Fraction Sorbed on Chemical Compounds 

Chemical TcOii IO3 

CU2S 
CuS 
CdS 
HgS 
PbS 
ZnS 
CuO 
Pb02 
Fe203 
CuCl 
FeCl2' 
FeSOi, 

'4H20 

Ag powder 

0.99 
0.05 
0.03 
0.02 
0.60 
0.08 
0.02 
<0.01 
0.08 
0.04 
0.30 
0.65 
0.02 

0.99+ 
0.99+ 
0.97 
0.70 
0.94 
0.10 
0.07 
0.02 
0.61 
0.56 
0.18 
0.09 
0.99+ 

0.99+ 
0.99 

0.97 

sorption of iodile and^ere verv in!ff ^° " " ' ' " " ' " '""" effective in the ae ana «ere very ineffective in the sorption of technetium. 
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This could be due to the fact that all of the metal ions were in their higher 
oxidation state. 

It appears that pertechnetate may undergo reduction to a less soluble 
form or else one more easily incorporated into the lattice structure of the 
mineral. Ferrous sulfate also appears to absorb technetium. Ferrous sulfate 
is soluble (16g/100ml H2O) and the saturated solution used may have intro
duced problems of recrystallization and entrapment of material from the solu
tion into the crystal. However, little iodide ion was absorbed by ferrous 
sulfate compared to the sorption of TcO^- The absorption by ferrous sulfate, 
pyrite, as well as other ferrous compounds, will be investigated further 
since it is known that most iron in deep geologic areas exists in reduced 
form. 

Although several of the metal iodides, in the absorbing minerals, are 
not very soluble, it must be pointed out that iodine is present in concen
trations of less than 10 ^̂  molar, well below solubility limits in most 
cases. However, incorporation into the mineral crystal structure may be the 
mechanism for the iodine sorption process. At this time, the extent of 
iodate reduction to iodide is not known. 

To investigate the sorptive capacity of the minerals, preliminary ex
periments were performed using macroscopic amounts of iodide ion. The re
sults in Table VIII show that there is a limit to the ability of the mineral to 
absorb macroscopic (milligram) amounts of iodide during the three days the 
mixture was shaken. 

Table VIII 

Iodide Fraction Sorbed on Minerals 

Mineral Carrier Tracer 

Bornite 0.12 0.97 

Chalcopyrite, 0.11 0.98 
Germany 

Tetrahedrite, 0.04 0.87 
(Argentiferous) 

Water* <0.01 0.02 

*The vial contained distilled water and iodide solution with no mineral pre
sent. Sorption was on the walls of the vial. 

In some of the batch experiments the vials were shaken in an oven at 
50-60*'C, From a comparison of results of these experiments with the majority 
of experiments which were done at room temperature, no consistent effect of 
increased temperature (at least up to 60°C) on the absorption of iodine and 
technetium has been observed. Additional experiments to better measure even 
small effects of temperature change are planned. 
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SUMMARY AND CONCLUSIONS 

The objective of these experiments was to investigate the absorption of 
iodine and technetium anions by various common minerals. Two basic tech
niques were employed to study the absorption of radiotracers: (a) column 
elution using rock cores or crushed rock columns, and (b) batch sorption ex
periments using crushed rock or minerals. 

From the work performed several conclusions may be drawn: 
1. Up to 99+% of technetium and iodine tracers (<10 M) can be ab-

sorbed'by a variety of minerals (in less than gram quantities) through mech
anisms other than ion-exchange. In mineral columns having high absorption, 
an initial small peak within the first few free column volumes was the only 
major contribution to activity eluting from the rock column and was probably 
due to unreacted tracer. Despite a range of absorption values for different 
minerals containing copper sulfide, no delayed migration peak, ti^pical of an 
ion-exchange process, was observed; this may be due to an insufficient elu
tion volume. However, in mineral columns with less observed absorption, 
there was also no delayed migration peak present even though these were suf
ficiently eluted. 

2. There is evidence that oxidation-reduction may be involved with the 
sorption of the pertechnetate anion. This appears to be the case for miner
als containing cuprous ions (or plumbous and ferrous ions). Sulfide compounds 
containing metal ions in the highest oxidation state were not effective in 
the sorption of pertechnetate tracer. Oxide compounds containing copper, 
lead, or iron in the highest oxidation state also absorb little technetium. 

3. In the sorption of iodide ions, copreclpitation or incorporation 
into a crystal lattice may be the mechanism involved. This is indicated by 
the high degree of absorption in minerals and chemicals containing metal ions 
that form metal iodides of low solubility. 

4. The absorption of iodate ions appears to coincide with iodide ion 
absorption, although it cannot be said at this time whether the mechanism is 
the same. There is a possibility of iodate reduction to either iodine or 
iodide. 

5. The mechanisms for large absorption of both technetium and iodine, 
in the minerals examined, are related to the mineral surface or structure 
itself, rather than to dissolved or colloidal material present in rock-
equilibrated solutions. This would preclude a simple precipitation-filtra
tion mechanism especially at tracer concentrations. Such a relationship to 
the mineral structure is important since it is not likely that the chemical 
composition of groundwater will remain constant as it passes through various 
mineral areas. 

6. The rate of absorption is apparently slow enough so that equilibrium 
is not reached under high water front velocities of %10-80 kilometers/year. 
Whether and how much temperature and total mineral surface area also affect 
anionic sorption are details which must be studied further 

ablv Lhi^^/^l^•'^°^'^! '^^^'^^ minerals to absorb iodine (and presum
ably technetium) is limited. From the carrier absorption experiment an 
estimated absorption capability for chalcopyrite wouid be 'VSOO micrograms/ 

fh:rco1yritf i^ f ricrst^::;m.""^ ' ^ ^ ' ' ^ ^ ^ - — - ™ - - ^ 

sorptror^=irLf^^ 
Which may approximate those found in dee;i;o!:rif ̂ trL^luc^hl^se^rch 
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would be helpful not only for technetium and iodine, but also for other 
radioactive wastes which may form anionic species in groundwater solutions. 
In addition, the importance of distinguishing between various chemical oxida
tion states of these elements, especially at different pH and Eh values, has 
been recognized, and work is presently going forward to identify specific 
chemical oxidation states at tracer concentrations. 
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DISCUSSION 

.. .-..„ nf the foregoing experimental results as well as discus-
Consideration of the "'^^8°"S mieration leads to conclusions which may 

sion with other groups ^""rested in ™^8'^^^^°^^ ^„„^,3. 
strongly influence '^e direction and he details o ^^^ ^^^^^^_ 

There appears to be a -re °r es gen^^^^ J ^ ^^^^^^.^ ^^ ^^^ ^ ^ ^ 

tory modeling "sul s the ̂ ^^Id cor g ^^^ technique may have 
site. It suggests that so far 'he X ^^^ .^ ̂  ^^^^ repository. 
some empirical ^^Hdity in evaluating g ^^^.^ materials and the 

ions Am(III). Pu(IV) and Np(V) . The immobilization of the first set (nega 
tive ions) s;ems to depend primarily on their reaction to f ^ ™ ^ - f ̂ ^^^^^ 
compounds with certain minerals containing copper, lead and sulfur. It is 
known that TC2S7 is very insoluble and co-precipitates "̂ "̂ ^̂  ̂ ^Pf ̂ ^^"^^^f 
and that lead and cuprous copper form insoluble iodides. All of the fore
going, of course, were self-evident but nevertheless the experiments had to 
be performed and the data collated. To make facile assumptions regarding the 
reactions of heterogeneous natural materials with tracer scale radionuclides 
invites error and the possibility of overlooking subtle effects. 

The possibility now exists that the normally labile anions may be^ 
"gettered" by surrounding the originally emplaced canister with a packing of 
the appropriate minerals; chalcopyrite. galena, etc., if these are not al
ready present in the enveloping rock strata. 

It also appears that certain common mineral components of rocks, notably 
those containing Fe(II) are capable of reducing some actinides in neutral 
solution to lower oxidation states. Examples are: Np(V) is reduced to 
Np(IV) and Pu(IV) to Pu(III). These reductions may have a profound long-
term effect on the migration of certain actinides. 

The qualification mentioned in the preceding paragraph is pointed out 
because so far these reactions have only been observed between "macro 
amounts" of Pu and Np (micrograms per ml.) and Fe(II) in solution (milli
grams per ml.). It should be pointed out that such large amounts of reac-
tants were employed in the interest of both speeding up the reactions and 
being able to observe the reductions spectrophotometrically. Naturally 
with trace amounts of actinides and trace amounts of Fe(II) the reaction 
would tend to be much slower, and the difficulty of determining the extent of 
reaction would be vastly increased. 

It is, of course, intended to carry these reactions out on a tracer 
level with the amounts of Fe(II) yielded naturally (at pH '^ 7) from known 
minerals such as fayalite, siderite, magnetite, etc. It is expected, how
ever, that these reactions will require substantial periods of time to 
complete. 

obtained using quite different material than the Los Alamos tuff previously 
studied will possibly enable us to generalize and extend the usefulness of 
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the laboratory model more than is proper with the limited data presently 
available. 

Further consultation with other groups (Sandia and the U.S. Geological 
Survey at INEL) has focused attention on the likelihood that radionuclide 
bearing groundwater frequently moves through fissures in rocks. Generally 
these fissures are filled with clays in which case the migration character
istic of a given radionuclide is that determined in part by the clay rather 
than the matrix rock. 

Some cores from INEL basalt have been generously supplied to us by the 
uses. These cores were chosen by them (at our request) so that they embodied 
naturally occurring fissures. If these cores can be manipulated so the fis
sures are not mechanically disturbed, attempts will be made to observe the 
migration characteristics of radionuclides through a real fissure. 

In addition, it has become apparent that the movement of radionuclides 
in salt at the Waste Isolation Pilot Plant (WIPP) may also be in fissures in 
the polycrystalline WIPP salt. It appeared useful to initiate some kind of 
cooperative program with Sandia on migration through salt. 

An informal cooperative program with Sandia Laboratories initiating a 
study of this nature has been undertaken. The particular techniques and 
tracers (̂ ^̂ Np, ^^^Np, ^^'u, ̂ ^^Pu and '̂*̂ Am) used in previous work will be 
employed. 

The salt experiments will have to be performed in saturated brine solu
tions. Since temperature fluctuations of even 0,01°C can result in the dis
solution or precipitation of hundreds of atomic layers of NaCl on the surface 
of the fissures, these in turn can release or entrap large amounts of ac
tivity. This possible dependency on temperature imposes great experimental 
difficulties which have not yet been resolved. Nevertheless it is believed 
to be important to undertake the migration experiments since the only firm 
proposal for a geologic stratum for waste isolation is in salt. 

It may be apropos in this discussion to make a statement about our lab
oratory procedures. We are well aware that there is some pressure to pro
vide chemical analysis of the mineral content of the water used in the ex
periments described in this report. The water used is invariably pre-
equilibrated with the particular material undergoing testing unless there is 
some reason for variation. This is accomplished by contacting the granulated 
rock with de-ionized water for weeks or months. The pH is also determined. 

It would be easy (though expensive and time consuming) to determine and 
list the silica, sodium, fluoride, etc., of every sample of water corres
ponding to each sample of rock. What is not clear, however, is whether any 
added pertinent knowledge is to be obtained from this collection of numbers. 
Regardless of whether the formal analyses of the water solution of the rock 
is known, the composition of water in a real aquifer will be determined by 
the mineral composition of the strata through which it passes and the 
analysis is irrelevant. 

To give the analytical data as part of the experimental description 
implies that these are parameters which somehow can be manipulated or used to 
predict the migratory behavior of radionuclides in an aquifer. This is 
illusory and misleading and obfuscates the issue, which really is; what are 
the migration properties of given radionuclides in a real geological stratum 
mobilized by real water in passing through its particular environment. The 
actual analysis of the mineral content of a given sample of water m a lab
oratory model is largely irrelevant so long as the water is equilibrated as 
closely as possible with the rock under consideration. The true site eval-
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uation should be carried out on rock from the chosen site with water from a 
designated aquifer under the conditions and flow rate and temperature that 
exist. 

Thus it has not been deemed necessary or even advisable to carry out 
these analyses. However, if it can be shown that such analyses will contrib
ute within the next two years or so to the choice and evaluation of a repos
itory then these data will be well worth the trouble. 

There is no doubt that the exact composition of the aqueous phase will 
affect the binding of radionuclides to rocks (as will the exact composition 
of the rock itself). A true basic study of the absorption coefficients will 
have to establish these parameters and this should be investigated in a pro
gram of basic research. 

However, geological strata are heterogeneous mixtures of many mineral 
types and since the aim of this program is to obtain data applicable to mi
gration in real strata within a short time frame, we are primarily concerned 
with parameters averaged over the various mineralogical components. The 
comparison of the laboratory model of the Los Alamos disposal site with the 
migration behavior of Am and Pu at the real site appears to suggest that this 
approach may be practical. 
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